Module Technology for Agrivoltaics: Vertical Bifacial vs. Tilted
  Monofacial Farms by Riaz, Muhammad Hussnain et al.
1Module Technology for Agrivoltaics: Vertical
Bifacial vs. Tilted Monofacial Farms
Muhammad Hussnain Riaz, Rehan Younas, Hassan Imran, Student Member, IEEE,
Muhammad Ashraful Alam, Fellow, IEEE, and Nauman Zafar Butt, Member, IEEE
Abstract—Agrivoltaics is an innovative approach in which
solar photovoltaic (PV) energy generation is collocated with
agricultural production to enable food-energy-water synergies
and landscape ecological conservation. This dual-use requirement
leads to unique co-optimization challenges (e.g. shading, soiling,
spacing) that make module technology and farm topology choices
distinctly different from traditional solar farms. Here we compare
the performance of the traditional optimally-titled North/South
(N/S) faced monofacial farms with a potential alternative based
on vertical East/West (E/W)-faced bifacial farms. Remarkably,
the vertical farm produces essentially the same energy output and
photosythetically active radiation (PAR) compared to traditional
farms as long as the PV array density is reduced to half or lower
relative to that for the standard ground mounted PV farms. Our
results explain the relative merits of the traditional monofacial vs.
vertical bifacial farms as a function of array density, acceptable
PAR-deficit, and energy production. The combined PAR/Energy
yields for the vertical bifacial farm may not always be superior, it
could still be an attractive choice for agrivoltaics due to its distinct
advantages such as minimum land coverage, least hindrance to
the farm machinery and rainfall, inherent resilience to PV soiling,
easier cleaning and cost advantages due to potentially reduced
elevation..
I. INTRODUCTION
While the concept of Agrivoltaics (AV) dates back to 1980s
[1], the dramatic reduction of solar modules over the last
decade and world-wide proliferation of PV technologies have
made the approach potentially viable in many parts of the
world. This dual approach of harvesting energy and food to-
gether in a given land area can maximize the land productivity
with additional synergistic benefits including reduced water
budget, improved crop yield, agricultural land preservation,
and, socio-economic welfare of farmers [2]–[9]. AV farming
can offer an attractive solution to a potential conflict between
rapidly spreading ground mounted solar photovoltaic parks and
the agricultural production, landscape ecology and biodiversity
[10], [11]. Moreover, AV can be leveraged to enable crop
resilience against the increasing climate change vulnerabilities,
such as the excessive heat stress and drought, in particular
for hot and arid climates [5]. Other synergistic benefits may
include sharing of water between the cleaning of panels and
irrigation to reduce the overall water and maintenance cost.
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The AV farm design has so far explored the traditional fixed
tilt N/S faced PV arrays or solar tracking schemes with limited
focus on comparative analysis between module technologies.
The fixed tilt systems have primarily been explored in two
configurations: full and half PV array densities that corre-
spond to row to row pitch being twice and four times the
height of the panels, respectively. Durpraz [12], [13] predicted
that 35-73% increase in land productivity was possible for
Montpelier (43◦N), France, when solar arrays were arranged
at full and half densities respectively. Marrou [14] performed
AV experiments in Montpelier, France using full and half
density arrays for both short cycle (lettuce, cucumber) and
long cycle (durum wheat) crops. The study emphasized that the
main focus for developing AV system should be on exploring
mitigation strategies for light reduction and optimal selection
of crops [11]. Majumdar [10] modeled AV system at Pheonix
Arizona and showed that south faced solar arrays titled at 30◦
received 60% and 80% of the total global radiation for half
and quarter density of solar arrays respectively as compared
to an open field. Malu [15] modeled AV grape farming for
Maharashtra (19.59◦ N), India, and predicted that it could
increase the economic value of the land by 15 times as
compared to the conventional farming.
Amaducci [16] showed that the reduction of global radiation
under AV was affected more by panel density than by dynamic
management of tilt through solar tracking. Sekiyama [17] did
an experiment in Ichihara City (35.37◦ N, 140.13◦ W), Japan,
using PV arrays at full vs. half density and found that the corn
yield for the half density remarkably outperformed that of the
open (control) farm by 5.6%.
Although the reported studies have successfully demon-
strated the potential of AV across various climates and crops,
the choice of module technology and farm topology have not
been explored. Technology innovations to address practical
challenges including the need to elevate the panels to 10-
15 ft, the issue about soiling and the difficulty to clean at
high elevation, etc. have so far not been considered. Among
the available module technologies, the potential for bifacial
solar panels has not yet been studied in detail although the
bifacial PV is attracting a great attraction in the commercial
PV market due to higher performance and temperature insensi-
tivity [18]. In this paper, we address these issues by exploring
the vertically tilted E/W faced bifacial (bi-E/W) panels, which
can be of great potential interest for AV due to a number
of practical advantages including inherent resilience to soiling
losses, minimum land coverage that provides least hindrance
to the farm machinery and rainfall, and possibility to mount
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2much closer to the ground hence offering significantly lower
installation cost and easier access for cleaning [19] [20].The
soiling losses can be substantial for tilted panels in many
climates in south Asia, middle East, and north Africa, where
power losses due to soling in tilted panels could be as high as
1% per day [21] [22] [23]. Soiling losses are known to mitigate
strongly as the panel tilt varies from horizontal to vertical
[21]. For this reason, in arid climates where long dry periods
(between successive rain events) can exacerbate PV soiling
losses and drought concerns for the crops, vertical panel AV
arrangement could be especially advantageous. Despite of
these potential attractions, there is no study currently available
in literature to explore relative potential for the vertical bifacial
AV farming.
In this paper, we present a computational investigation into
the vertical bifacial AV farms that for the first time explores
its relative advantages and tradeoffs as compared to the
conventional N/S tilted monofacial and bifacial AV farms. By
developing a rigorous model for the radiation interception at
the panels and PAR transmission to the crops respectively, we
specifically address the following questions when comparing
these AV orientations: (i) What are the relative food-energy
implications as the PV array density is varied? (ii) How does
the tilt angle change the relative food-energy production? and
(iii) What land productivities can be achieved relative to the
standalone energy and crop systems across the year? The
primary goal here is to establish the comparative performance
of vertical AV farms using traditional metrics i.e., PV energy
and PAR without considering the complex crop modeling
which is beyond the scope of this paper. This approach may be
imperfect in terms of evaluating the specific crop yields, but
would offer guidance and establish principles of technology
assessment.
This paper is divided into four section. In Section II we
describe the detailed methodology. Results are discussed in
Section III whereas conclusions are furnished in Section IV.
II. METHODOLOGY
For calculating energy harvested by solar modules, we
assume that arrays are long enough so that the edge effects are
negligible. This allows for solving the PV energy generation
in two-dimensions assuming symmetry in the third (infinitely
long) dimension parallel to the row. The solar farm consists of
solar modules of height (h) that are mounted at an elevation
(E) above the ground and the pitch (row-to-row separation)
between them is p. The two PV orientations, i.e., N/S and
E/W are illustrated in Fig.1.
A. Solar irradiation and PV Models
Recent work presented in [24] provides a detailed modeling
approach for solar energy harvested in ground mounted bifa-
cial PV arrays including the effects of self/mutual shading.
For AV applications, however, PV arrays typically need to
be elevated above ground to conveniently allow agricultural
operations hence necessitating models that work for elevated
PV structures. To precisely calculate the shading patterns for
the crops and the PV energy generation for elevated panels, we
develop new analytical models to calculate the direct/diffused
albedo collection by the elevated PV array and the diffused
PAR transmitted under the panels including the masking by the
elevated PV array. Model validation is done by comparison to
published experimental data (Section S1).
1) Calculation of Global Horizontal, Direct and Diffuse
Irradiance: The global horizontal irradiance (Iglobal) and its
components, i.e., direct normal (Idir) and diffused horizontal
irradiance (Idiff ) along with the sunâA˘Z´s trajectory (defined by
zenith (θz) and azimuth (γs) angles) at any location (latitude,
longitude) were calculated using NRELâA˘Z´s algorithm [25]
implemented in SandiaâA˘Z´s photovoltaic modeling library
(PVLib) [26]. Huarwitz clear sky model [27] was used to
calculate Iglobal with a one-minute time resolution. Satellite
derived data from NASA Surface Meteorology and Solar
Energy database [28] was used to calibrate the location-
specific climate factors similar to the approach used in [29]
[30] [31].
2) Calculation of Shadow Lengths: The shadow for the
direct beam of the sun along the pitch is calculated on the
ground or at any elevation below the PV array. The shadow
length at the ground due to the top and bottom points of the
module (denoted by ls|t and ls|b respectively, see Fig.2) is given
as:
ls|t =
(E+h·sinβ)·cosθF
sin(90−β+θF)·sinβ
ls|b = E·cosθFsin(90−β+θF)·sinβ
}
(1)
where θF is the angle of incidence [24] at the front surface
and β is the tilt angle. The actual shadow length (ls) on the
ground is given by ls = ls|t − ls|b. If ls > p, then a part of
Fig. 1. (a) Tilted monofacial south facing (mono-N/S), and (b) vertical bifacial
east-west facing (bi-E/W) solar modules.
3the shadow with height denoted by hs will be dropped on the
adjacent module (see Fig. 2) causing the mutual shading:
hs =
sin [90 + θF − β]×
[
ls|t − p
]
sin [90− θF] −
E
sin(β)
(2)
The mutual shading between modules becomes more signifi-
cant as p/h is reduced.
3) Energy Harvested from Direct and Diffuse Irradiance:
The calculation for the direct and diffused radiation intercepted
by the elevated panels is identical to that for ground mounted
panels so the existing modeling approaches described in [24]
[29] are applied. The efficiency of the front/back surfaces of
the module under direct and diffused light are taken as 19%
and 16% respectively.
4) Energy Harvested From Direct Albedo Irradiance: To
compute the collection of direct sunlight albedo at any point
z on the module, the angles ψ(i)t|F,ψ
(i)
b|F ,ψ
(i)
t|B and ψ
(i)
b|B subtended
by the edges of the shadow (i.e. ls|t and ls|b) from the ground
to the front and back faces of the module in the ith pitch
respectively are calculated (see Fig. 3) and are given by:
ψ(i)t|F(z) = tan
−1
[
E+z·sinβ
i×p−ls|t+E+z·sinβtanβ
]
ψ(i)b|F(z) = tan
−1
[
E+z·sinβ
i×p−ls|b+E+z·sinβtanβ
]
ψ(i)t|B(z) = 180
◦ − tan−1
[
E+z·sinβ
−(i−1)×p−ls|t+E+z·sinβtanβ
]
ψ(i)b|B(z) = 180
◦ − tan−1
[
E+z·sinβ
−(i−1)×p−ls|b+E+z·sinβtanβ
]

(3)
The view factors for front surface of the module from point z
to the unshaded part of the ground are given as:
Fdz→Ugnd|F(z) =
1
2
×

∑
i
{
sin
(
ψ(i)b|F
)
− sin
(
ψ
(i+1)
t|F
)}
+
sinβ − sin
(
ψ(i)t|F
)
; if θF ≤ 90◦∑
i
{
sin
(
ψ(i)t|F
)
− sin
(
ψ
(i+1)
b|F
)}
+
sinβ − sin
(
ψ(i)b|F
)
; if θF > 90◦
(4)
Similarly for the back surface, Fdz→Ugnd|B can also be com-
puted based upon eq. (4).
Fig. 2. Illustration of direct sunlight incident on solar modules of height h,
tilted at an angle β and mounted at an elevation E above the ground. The
shadow length ls on the ground and shadow height on the adjacent module
hs along with angle of incident θF are also depicted.
Fig. 3. The angles subtended by the edges of the shade on the ground due
to direct irradiance at a given time on the front and back surfaces of the
modules. The green and gray arrow represent that angles are measured from
the ground in clockwise and anti-clockwise direction respectively.
The power received by at any point z on the front and back
faces of module due to direct albedo is given by
IM,Alb:dir|F(z) = Ignd;dir × ηdiff|F × RA × Fdz→Ugnd|F(z)
IM,Alb:dir|B(z) = Ignd;dir × ηdiff|B × RA × Fdz→Ugnd|B(z)
}
(5)
where RA is the ground albedo and considered equal to 0.25 in
all calculations. The total power (IM,Alb:dir) generated by direct
albedo per unit solar farm area is given as
IM,Alb:dir =
1
p
×
∫ h
0
[
IM,Alb:dir|F(z) + IM,Alb:dir|B(z)
]
dz (6)
5) Energy Harvested From Diffuse Irradiance: For any
point x between the two adjacent panels [0 ≤ x ≤ p], the
masking angles (θt|F(i) and θb|F(i)) for the diffused sunlight
subtended from x to the top and bottom points of PV modules
at the back surfaces (see Fig. 4) are given by:
θt|B
(i)(x) = 180− tan−1
[
E+h·sinβ
(i−1)p−x+ E+h·sinβtanβ
]
θb|B
(i)(x) = 180− tan−1
[
E
(i−1)p−x+ Etanβ
]
 (7)
The total masking angle for x for the back side of the panel
over the entire farm is given as
∆θ1 =
∫ p
0
[∑
i
(
θt|B
(i) − θb|B(i)
)]
dx (8)
Fig. 4. Masking of diffuse albedo light on the face of the module by the
adjacent modules in either direction.
4Similarly, masking angles for front side of the panel i.e. θt|F(i)
and θb|F(i) are given as
θt|F
(i)(x) = tan−1
[
E+h·sinβ
(i−1)p−x+ E+h·sinβtanβ
]
θb|F
(i)(x) = tan−1
[
E
(i−1)p−x+ Etanβ
]
 (9)
The total masking angle for x for the front side of the panel
over the entire farm is given as
∆θ2 =
∫ p
0
[∑
i
(
θt|F
(i) − θb|F(i)
)]
dx (10)
The average diffused light reaching the ground is given as [29]
Ignd;diff = Idiff × 12
[
cos(∆θ1) + cos(∆θ2)
]
(11)
The power generated by diffuse albedo for any point z by
the front and back surfaces of the module is then given by
IM,Alb:diff|F(z) = ηdiff|F × Ignd;diff × RA × Fdz→gnd|F
IM,Alb:diff|B(z) = ηdiff|B × Ignd;diff × RA × Fdz→gnd|B
}
(12)
where Fdz→gnd|F and Fdz→gnd|B are view factors at any point
z along the module height masked by the front and back
surfaces of the module to the ground respectively [24]. The
total power generated (IM,Alb:diff) by diffused albedo per unit
solar farm area is given as:
IM,Alb:diff =
1
p
×
∫ h
0
[
IM,Alb:diff|F(z) + IM,Alb:diff|B(z)
]
dz (13)
The total PV power generated (IM) per unit farm area is
then calculated as:
IM = IM,dir + IM,diff + IM,Alb:dir + IM,Alb:diff (14)
B. The transmitted PAR under the panels
At any given time, the observation point (OP) under the
panels along the pitch is either under shade hence receiving
the diffused light only, Iop = Ignd;diff or receiving both direct as
well as diffused sunlight (Iop = Ignd;dir + Ignd;diff). The relative
cumulative radiation (PARr) incident at a specific crop height
is calculated as the percentage ratio of light received under
panel coverage to the total incident light with no panels
installed:
PARr(%) =
1
k
k∑
op=1
Iop
Iglobal
× 100% (15)
Here, k is varied to cover the entire region with in a pitch.
C. Calculation of Land Productivity Factor
Typically, land equivalent ratio LER, a metric that was
originally defined for measuring efficacy of inter-cropping [4],
has been used to characterize the productivity of land for
AV relative to the standalone PV systems and agricultural
farms. It however requires the estimation of the relative crop
yields which may have a wide variation across different
crop species and can have a complex dependence on the
dynamically varying shades and other microclimate factors
which are beyond the scope of the present work. Here, for the
purpose of comparing various module technologies and farm
topologies, we define a simpler metric named land productivity
factor (LPF) a crop independent parameter that estimates the
AV land productivity by adding the relative yields for PV
energy and the transmitted PAR at the crop level:
LPF =
PARr
100
+
Ye(AV)
Ye(PV)
(16)
where
Ye(AV) = Energy yield for AV farm
Ye(PV) = Energy yield for traditional standalone solar PV
system at p/h ≈ 2 facing N/S at standard tilt.
D. Effect of Temperature and soiling on PV energy
The analysis for temperature effects for bifacial and mono-
facial PV schemes is shown in supplementary information
(Section IV) and is incorporated in all results. To estimate the
soiling effect for Lahore, recently published experimental data
is used [21], [32] which reports the soiling rate of 0.9%/day
for the tilt angle of 20◦. The relative soiling loss for vertical
tilt is reported to be negligible [21]. Based on this, the power
loss due to soiling for mono-N/S PV is calculated to be 4-7%
higher as compared to bi-E/W assuming the cleaning schedules
of 1 week and 2 weeks, respectively. Although we emphasize
the superior soiling performance for the vertical panels, soiling
loss is not specifically included in the PV output shown in
Section III because of its variability associated with cleaning
frequency and the seasonal rainfall patterns.
III. RESULTS AND DISCUSSION
The performance of agrivoltaic system has been assessed
for the N/S tilted and E/W vertical PV schemes for Lahore
(31.5◦ N, 74.3◦ E) for a range of panel density including the
standard (p/h = 2 ), half (p/h = 4 ) and double (p/h = 1 )
across all months of the year.
A. PV energy generation and the transmitted PAR
Fig. 5 illustrates the annual PV energy production and
PARr for the PV schemes under consideration. For low
density of panels (p/h≈4), mutual shading between the panels
is negligible while the energy production and PARr for the
PV schemes are relatively similar. As the panel density is
increased, a couple of effects become important due to which
the PV output and PARr for bi-E/W significantly diverge as
compared to the N/S tilted schemes. Firstly, the mutual shading
between the panels starts to increase dominantly for bi-E/W
5which lowers its relative PV energy yield while simultaneously
increasing the PARr. This effect is stronger for bi-E/W due
to its orientation as well as its relatively higher (vertical) tilt
angle. Secondly, the masking of PV panels for the diffused
PARr strongly reduces for N/S schemes due to their smaller
tilt angles. This is most prominent in mono-N/S due to its
smallest tilt angle for which only 16% of PAR is transmitted
to the ground at very high density of panels (p/h ≈ 1). These
trends illustrate a trade-off between PV energy and PARr.
The monthly PV energy production and PARr for the N/S and
E/W faced schemes are shown in Fig. 6 and Fig. 7 respectively
for varying panel density. The monthly PV energy trends for
E/W and N/S schemes are similar and follow the expected
variation in solar irradiation intensity across the months. The
PARr values for bi-E/W PV are slightly higher relative to
the mono-N/S in general for all panel densities. This trend
becomes more significant for winter months and for high panel
density.
1) Energy yields and Land Productivity Factor: The energy
yield and LPF (as defined in equation (16)) are shown in Fig. 8
for bi-E/W and mono (bi)-N/S PV as a function of the panel
density. The energy yield for bi-E/W suffers due to mutual
shading as p/h is decreased as already discussed which also
results in a relatively higher PARr. At the half density (p/h ≈
4), LPF is ∼1.35 and is not significantly different between N/S
and E/W faced schemes. The LPF however drops for bi-E/W
as the panel density is increased above the half density. At
full density, LPF ranges around 1.5-1.6 with N/S faced panels
providing slightly higher productivity.
B. Effect of Tilt Angle
For fixed tilt N/S faced solar panels PV arrays at locations
in the northern hemisphere, the PV tilt angle that is optimized
for annual energy yield is known to be somewhat closer to
the latitude of the location [21] [33] [34] whereas the monthly
optimal PV tilt angle for energy yield is known to decrease
from winter to summer months. For AV systems, the optimal
tilt angle has to be adjusted according to the desired trade-off
for the sunlight sharing between panels and crops. Fig. 9 shows
that the annual energy yield drops by 10% to 16% as the tilt
angle varies from 20◦ to 60◦ for mono and bi-N/S PV schemes
Fig. 5. PARr and IM as a function of p/h for E/W and N/S PV configurations.
Fig. 6. Energy generated in (a) bi-E/W PV, and (b) mono- N/S PV farm tilted
at β = 20◦ during all months of the year for different values of panel density.
TABLE I
SUMMARY OF OPTIMAL ARRAY DESIGN FOR BI-E/W AND MONO(BI)-N/S
PV CONFIGURATIONS ENSURING ≥80% PARr YIELD.
PV Scheme p/h, (80% PARrYield)
PV Energy
Yield LPF
mono-N/S 3.9 0.50 1.3
bi-N/S 3.9 0.55 1.35
bi-E/W 3.5 0.53 1.33
respectively at p/h=2. The annual PARr, on the other hand,
shows a respective increase of 13% for the same variation in
the N/S tilt angle. This shows that the tilt angle adjustment can
be a useful knob to fine tune the required balance of PV/PARr
once the system has been installed at a certain array density.
C. Optimal PV array density for given food-energy require-
ments
The design of an optimal array density for AV depends on
systemâA˘Z´s food-energy requirements. As there is a trade-
off between the relative food and energy production as the
panel density is varied so an optimal array density is needed to
provide the best balance between PV output and PAR reaching
to the crops. Here we explore this for a couple of AV design
scenarios (i) For design A, we optimize the array density
6Fig. 7. PARr for (a) bi-E/W PV, and (b) mono-N/S PV farm tilted at β = 20◦
during all months of the year for different values of panel density.
TABLE II
SUMMARY OF OPTIMAL ARRAY DESIGN FOR BI-E/W AND MONO(BI)-N/S
PV CONFIGURATIONS ENSURING 80% ENERGY YIELD.
PV Scheme p/h, (80% PVEnergy Yield) PARr Yield LPF
mono-N/S 2.6 0.62 1.42
bi-N/S 2.5 0.63 1.43
bi-E/W 2.1 0.67 1.47
ensuring that at least 80% of the PAR is transmitted to the
ground relative to the open sun condition, and, (ii) For design
B, we optimize the array density that ensures 80% of the PV
energy yield is obtained relative to the full density mono-N/S
PV system. Table I and Table II show the required PV density
and the respective LPF obtained for these designs respectively.
Table 1 shows that the optimal PV array density to implement
design A requires p/h ≈ 4 for all three schemes. On the other
hand, the required PV array density to implement design B
is close to p/h ≈ 2.6 and p/h ≈ 2 for N/S and bi-E/W PV
schemes respectively. This relatively higher array density for
design B results in a drop of PARr to 60-70%.
IV. SUMMARY AND CONCLUSIONS
In this study, we explore the relative effectiveness of fixed
tilt vertical bifacial E/W faced PV array for the first time for
agrivoltaics. We develop a rigorous analytical framework to
Fig. 8. (a) Energy Yield Ratio, and (b) LPF as a function of p/h for (bi-E/W)
and (mono-N/S and bi-N/S) PV configurations.
Fig. 9. Energy Yield Ratio and PARr as a function of tilt angle.
precisely calculate the sunlight intercepted by elevated PV
arrays and the transmitted PAR below the elevated PV array.
We conclude that:
• Relative yields for PV energy and PARr are similar
for the vertical bi-E/W PV and mono(bi)-N/S PV when
the panel density is half or lower relative to that of the
standard ground mounted PV farms. For denser PV arrays
, bi-E/W results in a higher crop yield at the cost of
reduced energy yield. The relative PARr yield for bi-
E/W increases as compared to N/S schemes when the
array density is increased.
• For PV arrays closer to the full density, the annual PARr
drops to 55âA˘Tˇ65% while the relative PV yield for the
7Fig. S1. Global horizontal irradiation from the model output vs. measured
field data [14]
vertical bi-E/W drops to 80% with LPF close to 1.5.
• For half density PV arrays, the annual PARr of 80% is
obtained while the relative annual PV yields for vertical
bi-E/W and mono(bi)-N/S PV drops to 50âA˘S¸55% with
LPF of 1.3âA˘S¸1.35.
• For N/S tilted PV schemes, adjustments in the tilt angle
can enable fine-tuning of the sunlight balance needed
between PV and PARr. A modulation capability of
10-15% is calculated while varying the N/S tilt angle
between 20◦ to 60◦.
• The land productivity estimates for mono(bi)-N/S tilted
and bi-E/W vertical E/W faced panels are although
not significantly different for PV arrays that have half
(p/h = 4 ) or lower density, some unique benefits for
the bi-E/W vertical PV including minimal PV soiling
(hence better generation efficiency), minimal obstruction
to rainfall and farm machinery, small land coverage and
possibly lower elevation requirements can make vertical
bi-E/W AV farms preferable especially for hot and arid
climates having significant PV soiling concerns.
• Finally, the economic factors which are deemed beyond
the scope for this study should be considered to determine
the ultimate choice of the preferable PV scheme for a
particular AV application. In particular, since the bifacial
solar panels can be somewhat more expensive, the capital
cost for the bi-facial system could be relatively higher.
The vertical panels, on the other hand, could have a
significantly lower cleaning requirement particularly for
soiling intense environments. The relative levelized cost
of energy (LCOE) should therefore be carefully evaluated
considering the trade-off between a higher capital cost vs.
low cost for periodic cleaning.
SUPPLEMENTARY INFORMATION
Model validation
The global horizontal irradiation (GHI) and the PV energy
output calculated using our model are compared with the
experimental measurements in a reported AV field study at
Montpellier, France [14]. GHI measurement data across the
range of 16 days and PV energy output data for a sunny and
cloudy day match well with the model output for the same
location as shown in Fig. S1 and Fig. S2 respectively implying
a good validity for our model.
Fig. S2. PV energy output comparison between our model and measured
field data [35] for a sunny and cloudy day.
Fig. S3. PV energy output for each month with and without the temperature
effect for (left) mono-N/S and (right) bi-E/W PV schemes. The % difference
in the PV output due to the temperature effect is also shown (circles).
8Effect of temperature on PV energy output
An empirical model developed by King et al., [36] at Sandia
National lab has been used to quantify the temperature effect
for PV energy output. The module temperature is related to the
ambient temperature (Ta), incident irradiation (E), and wind
speed (WS) by [36] :
Tm = E.e
a+b.WS + Ta (17)
where a and b are the empirical constants. The temperature
corrected efficiency ηT of the PV cell is then related to the
standard cell efficiency ηSTC :
ηT = ηSTC [1− Tc∆T ] (18)
where (TC) is the temperature coefficient (assumed to be
0.41% /◦C [37] for crystalline silicon panels) and ∆T is the
difference in the ambient and cell temperatures.
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